Recent experiments on1t2 Bi2Sr2CaCu208 and2 T12Ba2Ca2Cu3010 crystals related to the c-axis conduction in highly-anisotropic, high-temperature superconductors (HTS) and a subsequent interpretation3 of the field dependence found in Ref. 1 have strongly suggested that these HTS materials behave as a stack of Josephson junctions between close, well-coupled, bi-or tri-layers of Cu-0. The strong, 1 / B dependence of Josephson coupling energy, Ej, on the field, B, parallel to the c-axis, used in Ref. 3, was first proposed4 to understand the irreversibility behavior of the ab-plane resistivity for fields parallel to the c-axis. While such a field dependence was in quantitative agreement with measurements5 in discrete, thin-film Nb-based junctions, a more c&vincing test of this aspect of the model for HTS requires direct c-axis resistivity measurements. This also eliminates the uncertain absolute magnitude of Ej inherent in the analysis of Ref.
4.
Thus we report measurements of the c-axis resistance, as a function of magnetic field and its orientation with respect to the c-axis, using oxygen-deficient, and thus reasonably anisotropic6, YBa2Cu307-6 single crystals (Tc=35-75 K). The measured angular-dependent c-axis resistance, at temperatures somewhat below the transition temperature, T, , exhibits a maximum in dissipation for fields parallel to the c-axis, Le., for zero macroscopic Lorentz force: this tends to rule out7 the motion of vortices from the external field. The dependences of the dissipation on applied field . strength and angle with respect to the c-axis are in excellent agreement with the field dependence predicted by Refs. 3-5 for a series stack of Josephson tunnel junctions, assuming that only the c-axis component of the field plays a role8. The data define a Josephson coupling energygJ0 which shows the same field dependence as found5 in the discrete, thin-film Nb-based junctions. modified (reduced) by annealing for 200 hours at 500 OC in appropriate mixtureslz of 0 2 in N2 such that 0.095,3.7 and 8.3% 02/N2 yielded T,=35, 65 and 75 K as measured by electrical transport. Silver epoxy was placed on the plate-like crystal surfaces (-1mmx1mmx50pm) before annealing. The Ag diffuses into the crystal during the oxygen anneal to form an electrical contact pad to which Au leads were attached, two on each face. Large current pads decrease heating effects and improve current uniformity. For very large resistivity anisotropies, currents redistribute rapidIy in the ab-planes creating an effectively uniform c-axis current. This uniformity was confirmed by exchanging current and voltage leads on the bottom (only) of the crystaI and getting identicaI results. More isotropic samples than used here (i.e., higher T,) failed this test because of the (relatively) smaller c-axis resistivity.
Single crystals, grown using a self-flux methodll, had their oxygen composition -Measurements of dc electrical transport properties were carried out in a 7 T splitcoil radial-access magnet in which the sample probe is rigidly mounted on a rotational feedthrough which was stepper-motor controlled with a reproducibility of better that 0.01 degrees. Voltage-current measurements confirmed that the data were always collected in the linear response regime (using J-1 A/cmZ).
The c-axis resistance, &, of an oxygen-deficient YBa2Cu307-6 single crystal with T,-65 K is shown in Fig. 1 as a function of the angle, +, between the field direction and the c-axis for a temperature of 60 K and a field, B, of 1 T. The maximum I & occurs for Bllc, which -corresponds to a minimum macroscopic Lorentz force on the Abrikosov vorticeszd it drops over three orders-of-magnitude into the noise for the maximum Lorentz force, i.e., Bllab. This tends to rule out7 the motion of vortices from the external field as the cause of the dissipation, but it is shown below to be consistent with dissipation across inter-bilayer Josephson junctions.
At reduced temperatures, kTT/Tc, closer to one, dissipation due to flux motion13 can be relatively more important because the pinning energy is -(l-t)2, while the Josephson coupling is-(1-t). Such additional dissipation is clearly seen nearer to Tc but only for fields close to the minimum-pinning, maximum-Lorentz-force, abplane direction. We do not discuss this result further, but it emphasizes the clear distinction between dissipation across Josephson junctions and that due to motion of vortices from the external field.
We also measured &(T) at $=O as a function of B and determined the activation energy, U, from Arrhenius plots. These results are shown in Fig. 2 for two YBa2Cu307-6 crystals (Tc=65 and 75 K), together with identical determinations made on two discrete, thin-film Nb junction~5. The qualitative similarity is striking, and thus the present results seem to imply consistency with the model of Ref. 5 in which the effective coherent Josephson area, &ff, of the Nb junctions is experimentally shown to be Q0/B at high fields. Note that at low fields, A,ff is limited by junction dimensions or defects to some fixed &, which we incorporate into the model by:
where Bo~@'o/Ao: then the fits shown in Fig. 2 indicate Bo-0.05 T, or A*-0.04 pm2, for the YBa2Cu307-6 crystals.
In Fig. 3 we seek a more quantitative fit of the data using simple extensions of conventional Josephson models. To fit the data in Fig. 1 Fig. 4 , and fit by3,l0
where the first two terms in brackets represent the pair conductance3, I, is the modified Bessel functionlo and oqp(T) is the quasiparticle conductance, norma izec to its normal-state value, which is given analytically in Taylor 
4fiBCS(O).
A similar problem occurs in fits3 to the c-axis resistivity of Bi2Sr2CaCu208: using a temperature-independent Y N~, the Zow-conductance fit to the Josephson model was consistent with the measured YN, above Tc, but Y(T) at low-temperatures needed a larger Ej.
A difficulty with this analysis is our inability to unambiguously determine the normal-state resistance, even above Tc, since expected fluctuation effects3 on RN,(T>T,) cannot be easily estimated because the strictly two-dimensional nature of the Cu-0 bilayers is less certain in YBa2Cu307-6, with its partial chains, than for Bi2Sr2CaCu208. Nevertheless, we can speculate. One possibility is that the c-axis transport may be more coherent at low temperatures, either: below T,, since the superconductivity will diminish in-plane fluctuations that would otherwise dephase adjacent bilayersl6; or at low temperature such that the direct, metallic-like c-axis hopping rate exceeds that for boson assisted processesl7. The smaller values and temperature dependence of pNctxtal/Axtal compared to RN,(T,>T,) could result from this. For the opposite dependence of 1/YNc, it is possible that these c-axis Josephson junctions are not overdamped, and thus the prefactors for the pair conductance in Eqns. 2 , 3 and 5 may not be simply the normal-state one. Data on extremely underdamped, discrete Nb-Pb junctions find18 a prefactor resistance which is inversely proportional to the quasiparticle density, increasing dramatically -.
as T decreases and equal to RN below T,. The fit values ot the prefactor Y N~ could certainly be consistent with such a picture.
In conclusion, while our data undeniably shows that Josephson coupling and dissipation dominates for transport along the c-axis, the details indicate the possibility of an unusual normal-state conductance and that the c-axis Josephson junctions may be extremely underdamped. We also show for the first time that the c-axis component of magnetic field dominates the c-axis dissipation in most cases (except for fields nearly parallel to the ab planes).
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